To first order, seismic data provides the geologist and the geophysicist with information on the geometrical relationships between subsurface lithologic boundaries. Generally, this spatial information is used to construct conceptual geologic and process models with which to explain the origins of stratigraphic features. From such models we infer lithologic content. Various methods (e.g. AVO, Coherency Cubes, Difference Cubes) have been developed to extract or characterize lithologic information from seismic data. In this work, we apply a new method to seismic data, that of singularity analysis, in an attempt to extract lithologic information directly from the seismic trace. We propose that singularity order reflects the sharpness of the the lithologic boundary which generated a given seismic horizonhigh-order (more negative) singularities correspond to abrupt facies transitions while low-order (less negative) correspond to more gradual transitions. Our results show that singularity order changes predictable along dip on stratigraphic surfaces and suggests that the method of singularity analysis reflects variations in the nature of the lithologic transitions responsible for the seismic reflections.
Introduction
Lithologic transitions are often gradational geologic features that do not lend themselves readily to quantification. As a result, we treat such transitions as sharp and well defined. Although not particularly realistic for well-log analysis, this simplification is useful when working with seismic data sets where reflectors appear as discrete events. In actuality however, these seismic events are generated by lithologic changes comprised of sub-seismic-scale layering or gradational lithologic transitions, not the presumed step functions. By treating transitions between rock types as sharp, we lose an aspect of geologic content that is vital for an accurate understanding of the geologic system. In this work, we apply singularity analysis -an amplitude-independent method of data analysis -which is designed to extract lithologic information about the nature of transitions between stratigraphic packages.
Method
The singularity analysis method determines the abruptness of lithologic transitions based upon the characteristics of corresponding local maxima in the seismic trace. By quantifying these stratigraphic transitions, we can capture an additional level of geologic complexity with which to constrain stratigraphic models. Our characterization of singularities is based upon the fact that seismic data is the result of a convolution of a source wavelet with the reflectivity response function of the sub-surface litholgy. The reflectivity response is essentially a derivative operator and so local maxima in the seismic trace correspond to lithologic transitions. We treat local maxima in a given seimic trace as fractional order derivatives of the source wavelet where the derivative order is dictated but the shape, or sharpness, of the lithologic transition responsible for the maxima. We can, therefore, assign a characteristic order to each local maximum (and hence to its corresponding lithologic transition) by fractionally integrating the trace until the local maximum no longer exists. We perform the fractional integration based upon the following:
where: f is the original data, φ is a smoothing function of scale σ designed to remove high frequency event noise, and β is a fractional order of intergration/differentiation. For β, the following applies: β < 0 represents fractional integration while β > 0 represents fractional differentiation. In this analysis, the order of the singularity can be translated into a relative transition sharpness. By this we mean that, the more negative the value of β at a given local maximum (i.e. the more fractional integration required to remove the local maximum) the sharper the lithologic transition. For example, a sand-on-mud transition would generate a higher order (more negative value of β) singularity than either a sand-on-sand or a mud-on-mud transition; the transition from sand to mud is more abrupt than either of the transitions between like lithologies. For a more complete description of the singularity method see Herrmann and Stark (2000) ; Herrmann (2001) or these proceedings.
Discussion
We applied the singularity method to a seismic line (see Fig. 1 ) from the extensional Jeanne D'Arc Basin off the coast of Newfoundland, Canada (Haworth and Keen, 1979; Tankard and Welsink, 1987; Enachescu, 1988; Driscoll and Hogg, 1995) . We pose two questions. First, does the output map of the singularity analysis resemble the stratigraphy that we know to exist based upon a standard amplitude seismic display? This is not a trivial question. Singularity analysis identifies local maxima in the seismic trace, independent of amplitude. There is no quarantee that significant singularities will correspond to the high amplitude events apparent in the standard seismic display. Secondly we ask, if it is possible to identify coherent stratigraphy in the map of singularity attributes, then do the orders of the singularities change along a given reflector in a geologically predictable way?
The results of the singularity analysis are presented in Fig. 2 . In addition, a subset of Fig. 2 (indicated by box) is extracted (Fig.  3) to assess changes in singularity order along clearly identifiable clinoform reflectors. 
Identification of stratigraphy
We can see from Fig. 2 that the method of singularity analysis maps well onto the original seismic stratigraphy. Clearly the singularity attributes correspond with prominent seismic reflectors.
The Progradational Clinoforms
Since the singularity analysis maps to identifiable horizons in the seismic data, we can now look at how the singularity order behaves along these horizons and ascertain whether or not changes in singularity order, if present, are consistent with an appropriate depositional model. We focus our attention on three clear bounding surfaces between sets of prograding clinoforms (Fig. 3) . From a simple stratigraphic model of regressive sequences, we would expect to see a basinward shift in sand deposition (Kolla and Macurda, 1988; Posmentier and Vail, 1988) . Up-dip, this shift would generally place coarse sediment on coarse sediment (i.e. sand-on-sand). Down-dip, however, the shift should result in coarser sediments being deposited on finer. This coarse-on-fine transition would be particularly true if a sandy, basin-floor fan developed above fine, deep-water sediments. If singularity analysis responds to variations in lithologic composition, then the up-dip, sand-on-sand relationship should generate a lower order (less negative) singularity than the down-dip sand-on-mud case.
We see that, in fact, singularity characterization does change down-dip and does so consistently along more than one bounding surface (Fig. 4) . While the values of singularity order in this work are not calibrated to specific lithologic changes, relative values of singularity order are relevant and a careful examination of the clinoform bounding surfaces reveals the following: up-dip, singularity order is generally lower (less negative) than down-dip order. This translates to less-abrupt lithologic changes in the up-dip portions of the clinoforms than down-dip -a geologically reasonable response in terms of a simple, progradational model. We see this trend along all three of the identified clinoform surfaces. Consistent behavior of singularity analysis along these clinoforms suggests that the method is responding to characteristics common to those surfaces.
Conclusion
From applying singularity characterization to a known data set and, more specifically, to seismic events with predictable lithologic properties, we make the following observations:
1. The method of singularity analysis produces results that map to stratigraphic events in the seismic data set. That is, 'horizons' in the singularity analysis map follow stratigraphic architecture that we know to exist based upon the amplitude structure of the data set.
2. Singularity analysis order changes consistently along different stratigraphic surfaces of similar genesis (Fig. 3) . In the particular case of the bounding surfaces describing prograding clinoforms, the singularity order changes as we move down the stratigraphic horizon. This is consistent with the fact that we anticipate changes in the lithologic characteristics along such boundaries and suggests that the singularity analysis is responding to lithologic characteristics of the interface.
3. Not only does singularity order change consistently along multiple boundaries but, in the case of the clinoform packages in this data set, the order changes in a way that is reasonable considering a simplified lithologic model (Fig.  3) . As we go from proximal to distal along the clinoform boundary, singularity order becomes more negative. This corresponds to an increased sharpness to the lithologic boundary which is what we would predict in a regres-sive system where sand progrades out over finer, deeper water sediments. Fig. 1 ). Clinoforms are underlined. Singularity order becomes more negative down-dip along clinoform surfaces.
